Background and aims: Cardiac function may differ after valvular (VS) and coronary artery (CAS) surgery and this may affect assessment of fluid responsiveness. The aim of the study was to compare VS and CAS in the value of cardiac filling pressures and volumes herein. Methods: There were eight consecutive patients after VS and eight after CAS, with femoral and pulmonary artery catheters in place. In each patient, five sequential fluid loading steps of 250 ml of colloid each were done. We measured central venous pressure (CVP), pulmonary artery occlusion pressure (PAOP) and, by transpulmonary thermodilution, cardiac index (CI) and global end-diastolic (GEDVI) and intrathoracic blood volume (ITBVI) indices. Fluid responsiveness was defined by a CI increase >5% or >10% per step. Results: Global ejection fraction was lower and PAOP was higher after VS than CAS. In responding steps after VS (n = 9-14) PAOP and volumes increased, while CVP and volumes increased in responding steps (n = 12-19) after CAS. Baseline PAOP was lower in responding steps after VS only. Hence, baseline PAOP as well as changes in PAOP and volumes were of predictive value after VS and changes in CVP and volumes after CAS, in receiver operating characteristic curves. After VS, PAOP and volume changes equally correlated to CI changes. After CAS, only changes in CVP and volumes correlated to those in CI. Conclusions: While volumes are equally useful in monitoring fluid responsiveness, the predictive and monitoring value of PAOP is greater after VS than after CAS. In contrast, the CVP is of similar value as volume measurements in monitoring fluid responsiveness after CAS. The different value of pressures rather than of volumes between surgery types is likely caused by systolic left ventricular dysfunction in VS. The study suggests an effect of systolic cardiac function on optimal parameters of fluid responsiveness and superiority of the pulmonary artery catheter over transpulmonary dilution, for haemodynamic monitoring of VS patients. #
Introduction
Cardiac filling pressures, like central venous pressure (CVP) and pulmonary artery occlusion pressure (PAOP) measured by a pulmonary artery catheter (PAC) are traditionally used after cardiac surgery to predict and monitor the response of cardiac output to fluid loading [1] [2] [3] [4] [5] . Their value is currently hotly debated, particularly in mechanically ventilated patients, since, among others, positive end-expiratory pressure (PEEP) may confound measurements at the end of expiration [1, 4, 5] , thereby feeding the controversy on the benefits of the PAC after cardiac surgery [2, 6, 7] . Transpulmonary thermodilution can be used to determine global end-diastolic volume (GEDV) and intrathoracic blood volume (ITBV) as preload parameters [8, 9] . Cardiac volumes are considered superior in assessing CI responses to fluid loading, after cardiac surgery, even when changes in filling pressures that are independent of PEEP, are considered [1, 3, 4, 8, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . These latter studies only included general cardiac or coronary artery surgery (CAS) patients. It is unknown if similar superiority also applies to patients after valvular surgery (VS) expected to have a diminished left ventricular systolic and diastolic function after surgery, following chronic volume or pressure overload [2, 6, [20] [21] [22] [23] . Whereas La Place's law describes that ventricular radius and thus volume interacts with filling pressure to reflect ventricular preload, i.e. end-diastolic wall stress, the volume/ pressure curve is curvilinear so that at low preloads volumes may increase more than pressures upon fluid loading, and, at high preloads, pressures may increase more than volumes [24] . Diastolic dysfunction in hypertrophied hearts with upward and www.elsevier.com/locate/ejcts European Journal of Cardio-thoracic Surgery 35 (2009) [62] [63] [64] [65] [66] [67] [68] leftward shifts of the compliance curve may require higher PAOP than normally compliant hearts after coronary artery or aortic valve surgery [20] . Cardiac systolic function and size, in turn, determine the position on the compliance curve, so that changes in preload affect cardiac output less in patients with systolic dysfunction, ventricular dilatation and a shift to the right on the pressure/volume curve, and the relative values of pressures over volumes in determining preload increase, as compared to normal hearts [24] . Mundliger et al. [25] showed that in non-surgical cardiac patients with a low ejection fraction filling pressures and volumes had similar predictive and monitoring value for cardiac output responses to fluid loading than in patients with less left ventricular dysfunction, in whom filling volumes appeared superior. This was not confirmed after cardiac surgery, however [15, 18] .
In the hypothesis that the relative value of pressure and volume measurements differ between VS and CAS patients by virtue of differences in cardiac systolic or diastolic function, we studied the value of transpulmonary thermodilutionderived cardiac volumes and PAC-derived filling pressures in assessing fluid responsiveness after both types of surgery.
Patients and methods

Patients
Eight consecutive, mechanically ventilated VS patients undergoing elective valvular repair or replacement, and 8 after CAS only, <85 years of age, were included. Other inclusion criteria were a PAOP/CVP <13 mmHg and a continuous cardiac output <4.0 l/min m 2 . The exclusion criteria were a life expectancy <24 h, surgical bleeding >100 ml/h, clinical evidence for pulmonary oedema, known aneurysms of thoracic or abdominal aorta and presence of atrial fibrillation. The local ethics committee approved the study protocol and written informed consent was obtained preoperatively. All patients underwent cardiopulmonary bypass. At arrival in the intensive care unit (ICU) after surgery, patients were sedated with propofol (1 mg/kg h) or midazolam (0.1 mg/kg h) and sufentanil (0.5 mg/kg h). Patients were mechanically ventilated by volume-controlled ventilation with tidal volumes not exceeding 10 ml/kg and a PEEP of 5 cm H 2 O (15 patients) or 7 cm H 2 O (1 VS patient). Ventilation frequency was set between 10 and 13 breaths/ min to maintain the arterial PCO 2 in the normal range (34-45 mmHg). Ventilator settings were not changed during the study. In sequential atrioventricular pacemaker-dependent patients after surgery, the pacemaker frequency was set at about 80 b/min. Doses of sedative and vasoactive agents were unaltered during the study protocol.
Echocardiography was performed prior to surgery in valvular surgery patients only (ECHOpac or Vivid7, GE Healthcare, Milwaukee, Wisc.).
Measurements
A PAC (8.5 Fr, CCO/VIP, Edwards Life Sciences, Santa Ana, CA, USA) had been preoperatively inserted via the internal jugular vein. The catheter was used to determine, after proper wedging, PAOP, CVP and mean pulmonary artery pressure at the end of expiration, after zeroing to atmospheric pressure, at the midchest level with patients in the supine position. The transpulmonary thermodilution technique (PiCCO, Pulsion Medical, Munich, Germany) was used to determine cardiac output, GEDV and ITBV. GEDV represents the sum of volumes of the right heart and the left heart at end-diastole [8, 9] . The global ejection fraction (GEF) as a measure of systolic cardiac function is calculated from stroke volume index (SV) divided by GEDV/4 (normally 0.20-0.30). Reproducibility of these measurements is typically within 10% [8, 9] . The ITBV and GEDV correlate with measures of left ventricular dimensions as determined by echocardiography and may respond similarly to fluid loading [11, 14, [16] [17] [18] . The transpulmonary thermodilution cardiac output is virtually interchangeable with that obtained via right-sided bolus thermodilution [8] . Cardiac compliance was approximated by the ratio of GEDV/4 to the mean of CVP and PAOP.
Study protocol
Within 2 h after arrival in the ICU, a 5 Fr thermodilution catheter (Pulsiocath PV 2015; Pulsion Medical, Munich, Germany) was inserted into the femoral artery and connected to the PiCCO-computer for computing cardiac output, GEDV and ITBV. For each patient the following data were collected: demographic data, such as body mass index (BMI), the EuroSCORE to estimate cardiac surgery risk and mechanical ventilator settings. In each patient, five consecutive fluid loading steps were done, by infusing 250 ml of colloid solution (Voluven R , Fresenius, Germany) in 15 min. After introduction of the catheter, calibration of the PiCCO-device was done by injections of 20 ml of cold (<8 8C) normal saline via the CVP port of the PAC. All thermodilution measurements were performed in triplicate and averaged. Thirty minutes after the start of each fluid loading step, heart rate (HR), mean arterial pressure (MAP), PAOP, CVP, GEDV, ITBV, cardiac output and body temperature were measured. Values were indexed for body surface area (global end-diastolic volume index, GEDVI; intrathoracic blood volume index, ITBVI; stroke volume index, SVI; cardiac index, CI).
Statistical analysis
Since data were distributed normally (Kolmogorov-Smirnov test), parametric statistics were used. Responding fluid loading steps were defined by a CI increase >5% and >10% and other fluid loading steps were regarded as non-responding. The cut-off values were taken to account for the relatively small fluid volumes, for clinical significance and conformation with the literature [5, 15, 18] . Generalized estimated equations (SPSS v15.0) were used to evaluate changes in time per group, differences between groups, and differences per group in baseline values (to predict) and changes in values (to monitor) between responding and non-responding fluid loading steps, thus taking repeated measures in the same patients into account. Partial linear correlation coefficients (r) were calculated for relations between variables, adjusted for repeated measurements by taking patient number as covariate, and compared after z transformation. Receiver operating characteristic curves (ROC) plotting sensitivity against 1-specificity were constructed to evaluate indicators of fluid responsiveness and areas under the curve (AUC) were compared. The optimal cut-off value with highest sensitivity and specificity combined was calculated. Exact two-sided p values >0.001 are given and considered statistically significant when <0.05. Data are summarised as mean AE standard deviation (SD).
Results
Patient characteristics
A total of 40 fluid loading steps were done in each patient group, characteristics of which are described in Table 1 . The preoperative ejection fraction in VS patients amounted to 0.37 AE 0.18. Of the VS patients, four had prior mitral insufficiency, one patient had mitral insufficiency and stenosis, one patient had mitral and aortic insufficiency and two patients had aortic stenosis. Four VS and one CAS patient were pacemaker-dependent. Table 2 summarises results of haemodynamic measurements in time, after each fluid loading step. The GEF (P = 0.015) and PAOP (P = 0.004) differed between VS and CAS. In responding fluid loading steps after VS (n = 9-14), PAOP, CVP, GEDVI and ITBVI increased (Table 3) . Also, baseline Table 2 Fluid loading steps PAOP differed between responding and non-responding steps. In the responding fluid loading steps after CAS (n = 12-19), CVP, GEDVI and ITBVI increased.
Response to fluid loading
T = 0 T = 1 T = 2 T = 3 T = 4 T = 5 pValvular surgery HR (beats/min) 86 AE 11 87 AE 11 85 AE 12 85 AE 12 84 AE 13 84 AE 13 0.020 MAP (mmHg) 78 AE 15 79 AE 15 78 AE 14 77 AE 11 74 AE 10 75 AE 8 0.023 PAOP (mmHg) 11 AE 4 1 3 AE 5 1 2 AE 2 1 2 AE 1 1 2 AE 2 1 3 AE 2 0.14 CVP (mmHg) 9 AE 3 1 2 AE 4 1 0 AE 3 1 1 AE 3 1 1 AE 3 1 3 AE 3 <0.
Relation between cardiac index, pressures and volumes
Figs. 1 and 2 show how changes in filling pressures and volumes correlated to changes in CI, in responding and nonresponding (>5% increase in CI) steps, for the two surgery groups. After VS, baseline PAOP tended to inversely correlate to the change in CI with fluid loading (r = À0.32, p = 0.063).
Even though changes in PAOP related to those in CVP (r = 0.79, p < 0.001), PAOP changes better related to GEDVI and ITBVI changes (r = 0.43, p = 0.008) than CVP changes (r = 0.31, p = 0.058). After CAS, changes in PAOP related to those in CVP (r = 0.61, p < 0.001), but only changes in CVP tended to relate to changes in GEDVI and ITBVI (r = 0.31, p = 0.056).
Predictors and monitors of fluid responsiveness
For responding (>5% increase in CI) fluid loading steps after VS, only the baseline PAOP was of predictive value (AUC Table 3 Responding and non-responding fluid loading steps Abbreviations: HR, heart rate; MAP, mean arterial pressure; PAOP, pulmonary artery occlusion pressure; CVP, central venous pressure; GEDVI, global end-diastolic volume index; ITBVI, intrathoracic blood volume index; SVI, stroke volume index; CI, transpulmonary thermodilution cardiac index; n.a., not applicable; GEF, global ejection fraction; mean AE SD; n.a., not applicable. 
Discussion
Our study suggests that volumes are equally useful in monitoring fluid responsiveness but that the predictive and monitoring value of PAOP is greater after VS than after CAS. In contrast, the CVP is of similar value as volume measurements in monitoring fluid responsiveness after CAS. Since baseline global ejection fraction was lower and pressures and volumes were higher after VS than CAS, the relative value of pressure and volume measurements differ between VS and CAS patients by virtue of cardiac systolic dysfunction and dilatation in the former. This difference between VS and CAS in value of volumes and pressures can be attributed to greater systolic left ventricular dysfunction after VS. In general cardiac surgery or coronary artery bypass patients on mechanical ventilation, transpulmonary thermodilution-derived volumes were supposedly better cardiac preload indicators and predictors of fluid responsiveness than filling pressures, even when changes in pressures that may reflect changes in transmural pressures independent of PEEP, were considered [1, 4, 8, [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, this superior relationship may be overestimated because of the generally well preserved left ventricular function, as in healthy volunteers [5] , and by mathematical coupling of a shared measurement error when cardiac output and volumes are derived from the same thermodilution curve. Some [25] but not all authors [15, 18] showed that in cardiac (medical and surgical) patients with a low ejection fraction, the predictive value of filling pressures for fluid loading responses increased and approached that of volumes. Moreover, Swenson et al. [20] noted that higher PAOPs were necessary to optimise cardiac output in hypertrophied hearts than in normal ones, after cardiac surgery. We therefore compared the predictive values of pressures and volumes in VS and CAS patients with different cardiac loading histories and estimated systolic and diastolic function at the time of fluid loading [2, 6, [20] [21] [22] [23] .
Our study suggests that a reduced systolic left ventricular function after VS rather than impaired diastolic function in the course of valvular disease [6, 23] shows that limited fluid responsiveness after repeated loading rendered the PAOP more important than volumes in assessing fluid responsiveness after CAS. Indeed, a diminished systolic function, a right and downward displacement of the left ventricular function curve and, following dilatation, a rightward shift on the diastolic pressure/volume curve in VS as compared to CAS may explain the augmented value of pressures over volumes in the former. Indeed, a shift along the diastolic pressure/ volume curve may have increased the value of left ventricular end-diastolic pressure, reflected by the PAOP, over right atrial pressure, reflected by the CVP, as an indicator of preload, so that PAOP and CVP best correlated with GEDVI/ITBVI after VS and CAS, respectively. In any case, fluid responsiveness was primarily determined by preload and stroke volume since the GEF did not differ between responding and non-responding steps, in agreement with others [15, 18] , and did not change with fluid loading. Finally, the low PEEP levels used in this study may have prevented severe confounding of filling pressures measured at the end of expiration, thereby contributing to their value in assessing fluid responsiveness.
Our study is small, but carries the advantage of evaluating preload parameters in specific cardiac surgery groups. It had apparently sufficient power to detect statistically significant differences. Improved haemodynamic guidance of fluid loading may help to limit deleterious fluid overloading [3, 19] . The guidance of such treatment by volumes as opposed to pressures was recently suggested to be associated with more complete resuscitation (by fluids), less vasopressor needs and shorter ventilation durations, after coronary artery surgery, while patients with valvular disease, again, had been excluded [19] . Hence, it remains to be demonstrated that guidance of fluid therapy by changes in filling pressures rather than volumes would benefit patients after VS. Although our study was not designed to study benefits of various haemodynamic monitoring devices, our results indeed suggest that a PAC is particularly helpful in assessing fluid responsiveness after valvular replacement/reconstruction, systolic dysfunction or both after cardiac surgery. Indeed, that VS patients with greater cardiac dysfunction, resulting in somewhat less fluid responsiveness and thus greater tendency for fluid overloading might benefit more from the PAC than CAS patients has been suggested before [2] . Another limitation is that we cannot definitively conclude whether the differences among surgery types were caused by primary disease or the surgery itself [5, 23] , even though the preoperative ejection fraction was relatively low in the majority of VS patients, and whether CAS patients with severe systolic dysfunction would have similarly responded as the VS patients. However, preoperative left ventricular dysfunction in patients undergoing valve repair is a major risk factor for direct postoperative dysfunction [21] .
Conclusion
While volumes are equally useful in monitoring fluid responsiveness, the predictive and monitoring value of PAOP is greater after VS than after CAS. In contrast, the CVP is of similar value as volume measurements in monitoring fluid responsiveness after CAS. The different value of pressures rather than of volumes between surgery types is likely caused by systolic left ventricular dysfunction and dilatation in VS, thereby underscoring that the relative merits of filling indicators in assessing fluid responsiveness depend on underlying disease and systolic cardiac function and size. Finally, measuring PAOP and CVP may suffice in predicting and monitoring fluid responsiveness after VS and CAS, respectively, and future investigators on the efficacy of the PAC after cardiac surgery may wish to take this difference into account.
